An innovative precast concrete (PC) T-wall panel system was devel
INTRODUCTION
Reinforced concrete (RC) structural walls with various cross sections such as T-shaped, L-shaped, and rectangular sections have been used for both low-and high-rise buildings in many countries. Such asymmetric wall systems are often necessary for architectural purposes; however, the asymmetric walls tend to influence the structural behavior, constructability, and economic feasibility of a building depending on their arrangement and cross-sectional shapes. The T-walls have asymmetric characteristics in terms of lateral strength, stiffness, and ductility. When the web of a T-wall is subjected to compressive force, the depth of the neutral axis is larger than that of a rectangular wall with same width; consequently, brittle failure may occur due to the concrete crushing in the narrow compression zone. Conversely, when the web-wall is subjected to tensile force, the neutral axis depth is significantly small and is typically located in the flange wall, which induces greater ductility at the ultimate limit state.
Several researchers have investigated the behavior and design of reinforced concrete T-walls. [1] [2] [3] [4] However, to the authors' knowledge, no previous experimental and analytical studies of precast concrete (PC) "T-walls" were conducted, though a handful of previous experimental research programs on the behavior of PC "rectangular walls" were carried out. [5] [6] [7] [8] [9] [10] Lateral load resistance of PC walls is generally achieved by emulating cast-in-place detailing or by the use of post-tensioning. In this study, the former method is adopted to connect two rectangular walls, along with an innovative bolting system consisting of end-threaded reinforcing bars, hex nuts, and C-shaped steel plate connections (Fig. 1) . The T-walls are developed for fast low-rise construction, as it enhances the constructibility and lateral load resistance of low-rise precast buildings.
RESEARCH SIGNIFICANCE
An innovative PC T-wall system was proposed that would improve constructibility and provide the lateral load resistance of low-rise PC buildings, and their seismic performance was verified by cyclic lateral testing. The PC T-wall system consists of several modular PC panels with bolt-type connections and cast-in-place concrete at the interface of flange-and web walls. Two two-thirds-scale specimens with and without diagonal reinforcement in the panel were tested under reversed cyclic deformations. Promising results from the tests verify practical feasibility of the developed system.
TEST PROGRAM Development of C-shaped steel plate connection
In this study, C-shaped steel plate connections were developed. Figure 1 shows the configuration of the developed C-shaped steel plate connection. The connection was intended to transfer tension and compression forces in the main flexural reinforcement and/or concrete and to allow for easy assembly of PC panels by means of bolting. The connection inhibits concrete crushing at the end of the web wall. Horizontal and vertical directional slots were used instead of circular holes to minimize tolerance issues such as location deviation. A pair of outer and inner C-shaped connections were used at one location, as shown in Fig. 1 .
The size and thickness of the C-shaped steel plate connection were determined such that the plate would not yield before yielding of the D25 (d b = 25 mm [0.98 in.]) flexural reinforcement, where d b is the bar diameter. At the same time, minimization of the size (length, width, and thickness) of the C-shaped connection was attempted. First, to determine the proper thickness and width of a vertical element of the inner C-shaped connection, cross-sectional analysis was performed and nominal compression force was determined at the ultimate limit state. This vertical element was located at the edge of the wall. For the sectional analysis, the length L w and width b w of the PC panel were set equal to 1550 and 150 mm (61 and 5.9 in.), respectively, and the area A s of main flexural reinforcement connected to the C-shaped All rights reserved, including the making of copies unless permission is obtained from the copyright proprietors. Pertinent discussion including author's closure, if any, will be published ten months from this journal's date if the discussion is received within four months of the paper's print publication.
connection was assumed to be 506.7 mm 2 (0.785 in.
2 ). As a result, the thickness of the vertical element of the inner connection was determined as 30 mm (1.18 in.).
For the outer connection, the thickness and width of a horizontal element were determined such that yielding of the plate would not occur prior to yielding of the main reinforcement. The fixed end of the plate was assumed and the horizontal element was subjected to a tension force equivalent to the specified yield strength of the main reinforcement. Once the horizontal element size was determined, the same dimension was used for two vertical elements of the inner connection after checking their buckling strengths under force reversal. As such, the resulting cross-sectional dimensions of the inner and outer connections were 160 x 150 mm (6.3 x 5.9 in.) and 140 x 150 mm (5.5 x 5.9 in.), respectively (refer to Fig. 1 ). The heights of the inner and outer connections were determined to be 250 mm (9.8 in.) and 210 mm (8.3 in.) , respectively. These C-shaped steel plate connections are used as a link between the PC panels or between the PC panel and foundation, as detailed in the following section. Figure 2 shows the configurations and dimensions of test specimens and reinforcing details provided for the specimens. A total of two specimens were built and tested: one control PC specimen (CPC) and the same PC specimen with supplementary diagonal reinforcements (PCSD). The test specimens were designed satisfying the requirements of ACI 318-14 Section 18.10.2.
Test specimens
11 The properties and test parameters are summarized in Table 1 .
The cross-sectional size of each PC panel used for both the flange wall and web wall was 1200 x 150 mm (47.2 x 5.9 in.) and that of the cast-in-place connection portion was 200 x 150 mm (7.9 x 5.9 in.). Here, the flange wall denotes the wall located in the compression zone of the T-section when subjected to lateral force pulling that wall, and the web wall denotes the wall located in the compression zone when subjected to lateral force pushing the flange wall. The overall height H w of the test specimen was 3440 mm (135.4 in.) and the net height H w ′-that is, the distance from the foundation to the loading point-was 2440 mm (96.1 in.). At each end of the PC panel, one large-diameter (D25; d b = 25 mm [1 in.] ) reinforcing bar with specified yield strength f y of 400 MPa (58 ksi) was provided as main flexural reinforcement, which was bolted through the outer and inner C-shaped connections' upper steel plates and thus fixed to the foundation. Note that the number of reinforcing bars might be different for each full-scale system, but in this study, one large-diameter bar was used at one location. The same diameter bar (D29; d b = 29 mm [1.14 in.]) was horizontally provided between the C-shaped connections at the PC panel bottom (and top) to reduce the excessive deformation of the outer steel connection in front of the bolt and to confine concrete in the region of the shear key under overturning moment, as illustrated in Fig. 1 and 2 . The single shear key was designed in accordance with Section 22.8.3.1 of ACI 318-14. 11 The lengths l s1 and l s2 and depth h s of the shear key were 600, 520, and 70 mm (23.6, 20.5, and 2.8 in.), respectively, where l s1 , l s2 and h s are indicated in Fig. 2 was not enough to resist the probable base shear calculated based on the probable flexural strength of the wall.
Two curtains of the web reinforcement were provided in each PC panel. These bars were terminated just inside the PC panel with concrete cover of 40 mm (1.57 in.) and not connected to the foundation or between the panels. Each curtain's horizontal and vertical web reinforcements included four D10 and four D13 bars, respectively spaced at 105 to 160 mm (4.13 to 6.3 in.) and 165 mm (6.5 in.). The Fig. 2(a) and 2(c) . The diagonal reinforcement had yield strength f y of 400 MPa (58 ksi). The lateral shear force was designed to be transferred by the interfacial shear friction, the shear key action, and the dowel action of the flexural reinforcement at the base of the wall. The joint between the PC flange-and web walls was placed in place.
Design of cast-in-place concrete joint
The cast-in-place (CIP) joint connecting flange and web walls had dimensions of 200 x 150 x 2440 mm (7.9 x 5.9 x 96.1 in.) and its size was minimized without sacrificing constructibility. In the connection, the vertical web reinforcement was provided based on the strain compatibility at the ultimate limit state (that is, when the strain of the extreme compression fiber in the web wall reaches 0.003). For horizontal web reinforcement, the stress friction design method was applied, as explained later in this section. The horizontal web bars were post-installed onto the edge of the web wall after injecting chemical mortar into drilled holes, and were overlapped in the CIP joint with the portion of closed hoops partially protruded from the flange wall (refer to Fig. 3 ). The closed hoops were spaced at 165 mm (6.5 in.) to provide confinement for the CIP portion. Finally, before mortar placement, four vertical D13 (d b = 13 mm [0.5 in.]) bars were inserted inside the closed hoops and anchored to the foundation using couplers and hooked anchorage connected to the coupler in the foundation. The mortar used in the connection is the bar connection sleeve (BCS) mortar, When the well-connected PC T-wall system is subjected to the lateral deformation causing tension in the flange wall, the shear stress distribution shown in Fig. 4 is expected to occur. Based on this distribution and Section 22.9.4.2 of ACI 318-14, 11 the area of the horizontal web reinforcement can be determined as follows
where A vf is the total area of the horizontal web reinforcement in the CIP joint; V u is the maximum applied shear of τ 2@CIP A vi at the vertical interface of the web wall and CIP joint under nominal bending moment of the wall M n ; τ 2@CIP is the applied average shear stress at the vertical interface under M n (refer to Eq. (2) and Fig. 4) ; A vi is the area of the vertical interface; ϕ is the strength reduction factor (= 1.0 in this study); f yt is the specified yield strength of horizontal web reinforcement; and μ is the coefficient of friction, taken as 0.6λ for concrete placed against hardened concrete not intentionally roughened (λ is the lightweight concrete modifier [λ = 1 for normalweight concrete]). 
where V bs is the base shear applied at which nominal wall moment strength M n is reached; b f is the thickness of the flange wall; I g is the moment of inertia of the T-wall section; b w is the width of the web wall; l f is the length of the flange wall; l w is the length of the web wall; l j is the length of the CIP joint in the direction of lateral loading; c is the distance from the web-wall end to the neutral axis at the ultimate state; r is the distance between the neutral axis and the interface of the web wall and CIP joint. The shear stress τ 2@CIP over the height of the vertical interface was assumed to be constant as recommended by MC2010.
12

Materials
The specified concrete strength (f c ′) was 40 MPa (5.8 ksi), and the measured strength on testing day f c ′ _meas was 45.1 MPa (6.5 ksi) on average. Three 100 x 200 mm (3.9 x 7.9 in.) concrete cylinders were tested according to ASTM C39. 13 The average compressive strength of the BCS mortar used in the CIP joint was 50 MPa (7.3 ksi). Three 50 x 50 x 50 mm 
Test setup and instrumentation
Two two-thirds-scale T-walls were tested under cyclic lateral loads (refer to Fig. 5 ). Table 2 shows the loading protocol. No axial loads were applied, as it would be negligible for low-rise construction. The lateral load was applied at the top of the flange wall and was controlled by the lateral displacement of the actuator. To monitor the lateral displacement, shear distortion, and vertical displacement of the test specimens, a total of 11 linear variable displacement transducers (LVDTs) were used for each specimen: 1) LVDTs 1 and 10 denoted horizontal LDVTs at the top and bottom of the upper PC wall panel, respectively; 2) LVDTs 4 and 5 monitored the shear distortion of the upper wall panels, while 6 and 7 were monitored the lower panels; 3) LVDTs 2 and 3 were for measuring vertical displacement of C-shaped connections of flange wall and web wall, respectively; 4) LVDTs 8 and 9 were installed in case of the occurrence of unexpected displacement of the foundation; and 5) LVDT Number 11 was used to gauge horizontal slip.
TEST RESULTS AND DISCUSSION
Damage patterns and failure modes Figure 6 shows the damage patterns and failure modes of the T-wall specimens. In both specimens, initial cracks were concentrated at the interface between the PC wall and the CIP joint at approximately 0.5 to 0.7% drift ratio. For the CPC specimen, some inclined cracks were propagated from the top PC panel to the edge of the lower PC panel at 0.35% drift ratio (refer to Fig. 6(a) ), but most of the inclined cracks formed inside the lower panel. As a result, the width of concrete strut of the lower wall panel was almost the same as half the wall length. After reaching the peak load, no more inclined cracks and other cracks were developed, indicating that the nonlinear deformation was mainly due to the connection deformation or gap opening at the C-shaped connections. At 3% drift ratio, concrete deterioration initiated in the shear key region of the web wall at the panel-to-panel interface of the web wall without failure of the C-shaped connection (refer to Fig. 6(a) ). Subsequently, the CPC had substantial damage of the CIP joint due to compression, but no compressive damage was observed in the flange wall or in the C-shaped connections.
For the PCSD specimen, flexural horizontal cracks occurred in the CIP joint at 0.3% drift ratio due to tension. Initial inclined cracks were developed at 1.5% drift in both the upper and lower web walls, but substantial inclined cracks were concentrated in the lower web-panel-that is, no prominent inclined cracks were observed in the upper web-panel for the rest of the test. Subsequently, the interface between the CIP joint and web wall deteriorated, which turned out to be the weakest link for the PCSD specimen with diagonal reinforcement. During the second cycle of 4% drift cycles, a weld failure of the edge C-shaped connection abruptly occurred, followed by concrete crushing near that location (refer to Fig. 6(b) ). This was likely due to the fact that the C-shaped connection was subjected to more tension force by diagonal reinforcement at that location, compared to the CPC specimen.
Lateral load-drift ratio relationship for test specimens
Figures 7(a) and (b) show the lateral load-drift ratio relationship for test specimens, and Table 3 summarizes the test results. The lateral drift ratio was calculated by dividing the lateral displacement at the loading point by the distance between the foundation and loading point. Here, the positive drift ratio is taken as the drift ratio when the flange wall is subjected to tension (that is, the actuator pushes the flange wall). The drift Δ y at yielding is defined as shown in Fig. 7(c) , similarly to that defined by Pan and Moehle.
14 The secant stiffness at a point of three-quarters of the measured peak is used to idealize the elastoplastic envelope that passes through the peak point of the load-drift relation curve, and the drift at an intersecting point between the two lines is used to determine the yield point on the envelope. The drift ratio Δ f at failure is defined as the ultimate drift or the drift at which the lateral load dropped to 80% of the peak as shown in Fig. 7(c) .
Testing of the CPC specimen was terminated at a positive drift ratio of approximately 4% due to the limitation of the actuator stroke, so that the CPC specimen was not subjected to lateral displacements in the negative direction for 4% drift cycles. For the PCSD specimen, the upper horizontal steel plate of the inner C-shaped connection, which was welded to the side of the vertical plate (not on top of the vertical plate), was detached and dropped off during the second cycle of 4% drift ratio. The dashed lines in Fig. 7(a) and (b) represent the predicted lateral load corresponding to the nominal flexural strength (M n ) of the wall, and the rectangular and circular marks represent the points at peak and failure, respectively.
For the CPC specimen without diagonal reinforcement, flexural yielding occurred first at 1% positive drift, as shown in Fig. 7(a) . When the test specimen was subjected to negative drift, yielding of the flexural reinforcement (one D25 bar) occurred at 0.88% drift. The peak strengths were reached at drift ratios of 1.5% both in the positive direction (causing tensile stress in the flange wall) and negative direction. After reaching peak, the strength was kept without significant degradation of the load capacity but there was pinching behavior due to the gap opening. This indicates that there was full plasticity in the main reinforcement and no buckling of the C-shaped connection. During the first 4% drift cycle, testing was terminated due to the stroke limitation. Overall, the lateral load-drift ratio relationship confirmed stable lateral load resistance characteristics with moderate pinching and apparently reasonable energy dissipation.
For the PCSD Specimen with diagonal reinforcement, the yield of flexural reinforcing bars was initiated at 0.45% and 0.65% drift ratios for positive and negative loading, respectively. Unlike the behavior of the CPC specimen, the strength increased gradually until reaching the peak load; thus, the strength and displacement at ultimate were the same as those at peak (Fig. 7(b) ). The lower lateral strength in the positive direction was obtained compared to CPC. As observed, this was likely due to the deterioration of the CIP joint under moment reversals. The drifts at failure for positive and negative loading were 3.9% and 1.9%, respectively, at which the weld failure and concrete crushing occurred near the end of the web wall for positive drift and the interfacial failure at the CIP joint-wall interface for negative drift. Because of the presence of supplementary diagonal bars above the C-shaped connection, the less-strengthened region right next to the connection had the higher stress concentration, causing the welding failure of the inner plate (at the wall edge) and concrete crushing just inside the outer plate during negative loading. As such, the drift capacities appeared to be adversely affected by the strengthened boundaries with diagonal reinforcement. The measured-to-nominal flexural strength ratios for CPC and PCSD were 1.3 and 1.15, respectively, for positive loading, and 1.5 and 1.67 for negative loading. The value of 1.67 (versus 1.5) was because the diagonal reinforcement additionally acted as tension ties of the truss mechanism when the specimen was subjected to the negative drift, as shown in Fig. 8 , resulting in the higher moment and interfacial shear at the CIP joint. Overall, the CPC specimen showed a more stable behavior than PCSD under reversed cyclic loading. Figure 9 shows the energy dissipation for the third cycle at each drift level. The energy is defined as the enclosed area of the load-displacement hysteresis loop, as shown in Fig. 9 . The energy dissipations of the test specimens were very similar until 1% drift ratio; however, the specimens dissipated quite differently beyond 1% drift. For example, at 2 and 3% drift ratios, the energy dissipation of CPC was larger than PCSD by approximately 120% and 40%, respectively. Such an increase in energy dissipation was due to the earlier yielding of web-wall flexural reinforcement in CPC at approximately 1% drift and significant inelastic behavior of the reinforcement beyond 1% drift (refer to Fig. 10(a) versus Fig. 10(b) ). Figure 11 shows the average shear distortion of the web wall. The average shear distortion γ avg was obtained from the LVDTs (refer to LV4, LV5, LV6, and LV7 in Fig. 5 ) and calculated as follows Both CPC and PCSD showed much larger shear distortion in the lower web wall compared to the upper web wall. The larger degree of damage due to inclined cracking appeared to decrease the shear stiffness of the lower panel. The shear distortions of the PCSD walls were significantly smaller than those of the CPC walls due to the presence of supplementary diagonal reinforcements. Such results are consistent with the previous experimental findings from squat walls with height-length aspect ratios of 1 to 2. For example, Sittipunt et al. 15 and Shaingchin et al. 16 reported that the addition of diagonal reinforcement in conventional reinforced concrete walls effectively reduced the shear distortion by approximately 20%. In this test, the maximum shear distortion ratios between the specimens were 0.56 and 0.7 for the lower and upper walls, respectively, indicating that the diagonal reinforcement was effective in controlling shear cracks and enhancing shear stiffness of the panel. The improved shear integrity, however, adversely affected the lateral drift capacity, because the presence of diagonal reinforcement essentially changed the overall failure modes of the PCSD specimen as discussed in the preceding sections.
Shear distortion of web wall
Prediction of back-bone curves of T-walls
In this section, lateral strength and displacement of the developed PC T-walls are predicted using simplified methods. The simplified prediction procedure in this section can be used to develop future design guidelines of the system.
Strength prediction- Figure 12 shows an idealized tri-linear load-displacement relationship of developed T-walls (CPC). The predicted yield strengths V y are obtained based on the measured backbone curve using the methodology indicated in Fig. 7(c) , and calculated based on the first yield (that is, at ε y ) of the main flexural reinforcement using strain compatibility, as done for conventional reinforced concrete walls. Here, actual material properties (for example, f y_meas ) are used for the strength prediction. The peak strength V p is then calculated from the probable moment strength M pr of the wall, where α(f y_meas ) is used to account for strain-hardening of the reinforcing bar and α is the multiplier of 1.25. This peak strength is assumed to be maintained until failure.
Lateral displacement prediction-For lateral displacement prediction, three wall deformation components are considered; deformations due to flexure, shear, and plate deformation or gap opening of the C-shaped connection. The lateral displacement of the proposed PC T-wall is computed by summation of deformation components due to flexural behavior, shear deformation, and connection deformation or gap opening occurring at the C-shaped connection as follows Notes: V y , V p , and V f are the yield strength, peak strength, and strength at failure, respectively; Δ y , Δ p , and Δ f are the lateral displacement at yielding, peak, and failure, respectively; k y is the secant stiffness at yielding point, defined as the yield strength divided by the yield displacement; 1 kN = 0.225 kip; 1 mm = 0.0394 in.; 1 kN/mm = 5.71 kip/in. 17 ; A g_w is the cross-sectional area of web wall; E s is the elastic modulus of steel plates; T y and T p are the tensile force of main flexural bar at yielding and at peak, respectively; and l j , e j1 , e j2 I sb1 , h j1 , and I sc1 are defined in Fig. A1 and A2 in Appendix A.
* Detailed derivations of Eq. (7) to (11) are presented in Appendix A. No axial loads are assumed because the system is developed mainly for low-rise precast concrete buildings and it gives conservative estimates of lateral displacements. Figure 12 shows a comparison of predicted values with experimental data for the CPC specimen. The hysteretic curves and the marks plus linear segments indicate the experimental and analytical results, respectively. The triangular and rectangular marks represent the yielding and peak points, respectively. The prediction of displacements at failure is not available. This value should be dependent on the experimentally obtained value; thus, it is not analytically predicted at this moment. The comparison reveals that the strength and lateral displacement predictions are reasonable (refer to Table 4 ). The ratios of measured to predicted strengths were 1.06 at yielding and 1.03 at peak for positive loading, and 1.27 at yielding and 1.07 at peak for negative loading. The ratios of measured to predicted displacements were 1.15 at yielding and 0.9 at peak for positive loading, and 1.35 at yielding and 1.65 at peak for negative loading. * The Appendix is available at www.concrete.org/publications in PDF format, appended to the online version of the published paper. It is also available in hard copy from ACI headquarters for a fee equal to the cost of reproduction plus handling at the time of the request. As shown Fig. 12 , linear segments passing through the two prediction points reasonably represent the ascending envelope and overall backbone. It should be noted that the contribution of the plate deformation or gap opening of C-shaped connections to total displacement (approximately 90%) was significantly larger than any other components' contributions. Even so, the initial stiffness of the system was little impacted by the C-shaped connection's deformation/ gap opening and the pinching phenomenon was minimized based on the load-drift relation curves.
SUMMARY AND CONCLUSIONS
In this study, an innovative PC T-wall system is developed for fast low-rise construction. Two two-thirds-scale PC T-walls with and without diagonal reinforcement were tested under lateral deformation reversals. Two PC wall panels were vertically linked using end-threaded reinforcing bars, hex nuts and inner and outer C-shaped steel plate connections. The height-length aspect ratio of 1 was used. The flange wall and web-wall components were attached using a cast-in-place concrete joint. On the basis of the test results, the findings obtained in the present study are summarized as follows:
1. More deterioration on the panel perimeter was observed as the lateral deformation increased; however, there was no definite failure of the specimen without diagonal reinforcement (CPC). For the diagonally reinforced specimen (PCSD), damage was focused on the interface between the cast-in-place joint and web wall, with no significant cracks on the wall, and the weld failure eventually occurred at the inner C-shaped connection due to compression on the edge of the web wall.
2. The lateral load-carrying capacity was maintained up to 4% drift ratio in the direction of positive drift for both T-wall specimens; however, the lateral load capacity substantially degraded at a 3% drift ratio in the negative direction for PCSD. The drift capacity could be higher than 4% drift ratio for CPC, if the testing was not stopped during the first cycle of 4% drift cycles.
3. The lateral load-drift ratio relationship indicates that the use of diagonal reinforcement changed the overall failure mode and adversely affected the lateral ductility and energy dissipating capacity. For the T-wall without diagonal reinforcement, the lateral strength exceeded the nominal wall moment strength by approximately 30 to 50% and sufficient amounts of energy dissipation and ductility were exhibited, indicating that the developed T-wall system can be effectively used for fast low-rise construction. Additional testing, however, is needed for different aspect ratios and reinforcing details.
4. Test results reveal that the design of transverse and vertical reinforcement in the cast-in-place joint between flange wall and web wall is appropriate for transferring the applied interface shear at the nonlinear stage and that the developed bolt-type C-shaped connections are robust and practical. 5. The developed, simplified prediction methods for strength and displacement are practically accurate, which can be used to develop design guidelines. It is worth mentioning that the contribution of the plate deformation or gap opening of C-shaped connections to total displacement (approximately 90%) was significantly larger than any other components' contributions. The elastic vertical displacements (v) of the outer steel plate at yielding and peak are calculated 13 as shown in Fig. A1 . Here, the outer steel plate is assumed to be simply supported. 
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